SUMMARY We studied the dynamic changes in mitral flow patterns and in mitral valve motion before and after producing acute, reversible aortic insufficiency (Al) in nine open-chest dogs. Phasic mitral flow, the mitral valve echocardiogram, the intracardiac phonocardiogram and other hemodynamic variables were measured. During moderate Al (mean regurgitant fraction 52 ± 5%) (± SD), the antegrade filling volume decreased from 31 ± 7 to 24 ± 6 ml (p < 0.01), but the peak protodiastolic mitral flow rate increased from 139 ± 37 to 157 ± 42 ml/sec (p < 0.01), reflecting the shift of a larger fraction of total mitral filling volume to early diastole. In six dogs, atrial pacing was used to examine the hemodynamic effects of tachycardia. Increasing the heart rate from 90 to 120 beats/min increased cardiac output from 2.64 ± 0.56 to 3.3 ± 0.831/min (p < 0.05) and decreased left atrial pressure from 24 ± 8 to 17 ± 7 mm Hg (p < 0.05).
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Increasing heart rate to 150 beats/min compromised mitral filling, reduced cardiac output and increased left atrial pressure. Moderate tachycardia improves cardiac performance in Al by reducing regurgitant volume, without significantly reducing transmitral filling volume. The mitral valve echocardiogram showed only a small decrease in cusp opening amplitude during Al. A low-pitched left ventricular inflow tract murmur was recorded in protodiastole and corresponded in time to the rapidly increasing mitral flow. We conclude that the major determinant of the turbulence responsible for the creation of the Austin Flint murmur is the antegrade mitral flow stream and its mixing with the retrograde aortic flow.
THE PATHOPHYSIOLOGY, clinical recognition and management of aortic insufficiency (Al) have been studied extensively in recent years. Clinical expressions of chronic and acute aortic regurgitation have been well defined,' and data regarding the natural history of the disease2' 3 and the proper selection of patients for medical vs surgical treatment is rapidly accumulating.f7 However, little is known about the dynamics of atrioventricular diastolic flow transport and, hence, about the significance of alterations in diastolic left ventricular (LV) filling in Al. To compensate for the immediate decrease in effective flow, Al may rapidly activate other physiologic mechanisms in addition to the Starling mechanism. Tachycardia is of particular benefit to patients with chronic or acute Al,8 although the mechanism by which increased heart rate (HR) specifically favors the hemodynamics of A! is not clear. [9] [10] [11] [12] We undertook the present study to investigate the dynamic changes that occur on the left side of the heart with the onset of acute Al. Using our established technique of simultaneous phasic mitral flow and echocardiographic measurements, we placed particular emphasis on LV filling and mitral valve motion during the different phases of diastole. We concentrated on two aspects of mitral flow: the mechanism by which moderate increases in HR affect mitral and aortic flow to improve LV pump function, and the role of mitral flow in the production of the Austin Flint murmur.
Methods

Animal Preparation and Instrumentation
Nine healthy mongrel dogs that weighed 25-30 kg were anesthetized with i.v. pentobarbital, 30 mg/kg, and placed on artificial respiration. The chest was opened by midsternotomy and left thoracotomy, the pericardium was incised, and the heart was suspended in a pericardial cradle. Cardiac instrumentation was carried out as described previously. [13] [14] [15] Briefly, transmitral flow was recorded with an electromagnetic flow probe sutured above the mitral annulus during cardiopulmonary bypass. A second flow probe was positioned around the proximal ascending aorta.
High-fidelity pressure readings were obtained by inserting catheter-tip micromanometers (Millar) into the left ventricle and left atrium. The aortic pressure was measured with a fluid-filled catheter and a Statham gauge. All three pressures were calibrated for equal sensitivity and common zero. The rate of rise of LV pressure (LV dP/dt) and the LV intracardiac phonocardiogram were derived from the high-fidelity LV pressure signal. 13 When the phonocardiogram was recorded, the transducer was located at the LV inflow tract. M-mode or two-dimensional echocardiograms of the mitral valve or LV structures were obtained by lightly placing the transducer on the right ventricular surface adjacent to the interventricular septum. '4 Reversible Al was induced with a collapsible basket carried at the tip of a catheter. The basket was intro- duced through the aortic valve through the LV apex or through the carotid artery ( fig. 1 ) and was opened and closed by remote control. 16 17 To investigate the effects of increased HR on the hemodynamics of Al, in six dogs the sinoatrial node was crushed and the left atrium was paced at rates of 90, 120 and 150 beats/min. Atrial pacing was also used to achieve a constant HR when regular sinus rhythm was absent.
Measurements and Calculations
The hemodynamic data and ECG were recorded on an oscillographic recorder (DR-12, Electronics for Medicine) at 100 mm/sec. M-mode echocardiograms were recorded using a separate echocardiograph (Picker, model 80 Cl). To synchronize different events accurately, the aortic flow curves were registered simultaneously by both recorders. Two-dimensional echocardiograms were recorded on a video tape recorder (Sanyo 7100) and events were synchronized by the ECG and audio input. Aortic The zero level for mitral flow was determined during systole and for aortic flow during diastole before the induction of Al. Occasionally, the opening of the basket apparently shifted the aortic flow curve and a new baseline was established as follows. For each test sequence to be analyzed, the average FV of three control (before Al) cardiac beats was divided by the average of a similar number of aortic SVs. The ratio was defined as a correction factor to the aortic flow calibration. The aortic flow baseline during regurgitation was then determined by setting FV = SV -RV. FV was chosen as the standard because the mitral flow probe is figs. 1 and 7) . Occasional fine flutter of the septum and mitral valve was observed, and LV chamber dimensions increased after acute Al was produced.
When both cusps could be sufficiently delineated by M-mode echocardiography during Al, distance between the tips of the opened cusps was reduced. The amplitude of opening was reduced 10-20%, and at mid-diastole the cusps came closer to each other ( fig.  7) . However, the reduction in cusp amplitude was not seen in all the experiments. Figure 8 shows a tendency for the cusps to move toward premature but incomplete closure of the mitral valve. This was more common in experiments with severe regurgitation, signs of failure, low cardiac output, and high LV end-diastolic pressure. In figure 8 , LV depression before induction of Al was due to myocardial ischemia. 
Discussion
The hemodynamic changes we observed after the production of acute Al are consistent with expected physiologic compensations and with the results of other studies in the closed-chest dog.'8 SV, LV size and LV filling pressure increased immediately. FV and aortic diastolic pressure decreased, and peak LV pressure remained the same. Because the sinoatrial node was crushed in six dogs, and because central nervous system reflexes were depressed by anesthesia, we could not observe a reflex increase in HR. 18 Nevertheless, atrial pacing and the direct measurement of phasic mitral flow and other hemodynamic variables allowed us to define the mechanism by which moderately increased HR benefits patients with Al. By simultaneously recording the intracardiac phonogram and the mitral valve echocardiogram, we have provided greater insight into the genesis of the Austin Flint murmur.
Changing Pattern of Arterioventricular Flow Transport and the Significance of Increasing Heart Rate Whereas the reduction in mitral inflow (and thus cardiac output) is expected in Al, the changes in mitral flow pattems were unexpected and interesting. Within 10 beats after the induction of Al, peak mitral flow increased and almost all transmitral flow occurred during the first half of diastole. The only late diastolic flow was due to the atrial contraction, and it tended to be weak, possibly because the atrium was emptied early in diastole ( figs. 2, 4, 8, 9 and 10 ). Because mitral flow is a direct function of the atrioventricular pressure difference,19 the origin of the changing flow pattern can be found in the phasic left atrial and LV pressures.
The atrial filling pressure (v-wave) increases so that at the moment of mitral valve opening, the developing atrioventricular pressure difference causes mitral flow to accelerate more rapidly and to a slightly greater level than control (figs. 2, 3, 4, 5 and 9). Thus, early in diastole the ventricle fills rapidly from both the atrium and aorta and quickly reaches the portion of its pressure-volume relation where it is relatively stiff. The combination of increasing LV pressure and decreasing left atrial pressure leads either to early-diastolic pressure equilibration or to reversal of the pressure gradient (figs. 3B and 4B). In our experience, an atrioventricular gradient reversal of less than 1 mm Hg will rapidly decelerate mitral flow. When oscillographic records are produced at low gain, such small differences are within the limits of error and resolution of the pressure traces and are not always obvious. When an early pressure crossover occurs, it may produce a small amount of mid-diastolic mitral regurgitation (figs. 2B, 3B and 7B), or late diastolic mitral regurgitation with a long PR interval. 19 20 Even though the aortic pressure is decreasing, the momentum of the regurgitant jet serves to maintain the retrograde flow, albeit at a slightly decreasing rate. Thus, moderate increases in HR significantly decrease the RV with only an insignificant intrusion into atrial flow transport.
Although one should use caution in applying the results of acute animal experiments to the hemodynamic behavior of the human heart in chronic Al, the observations of this study appear to be directly applicable. In the advanced stages of chronic Al, the left ventricle is stiff and the filling pressure is high.2' Thus, the mitral flow configuration recorded in these experiments may be similar to that in patients.
Clinicians in the heart muscle with contraction.2 Joseph Rouanet presented evidence for a valvular origin of S,, based on experiments with a model of the working heart and with membranes similar to valvular tissue.3 4 Dock, in studies beginning in the 1930s, using both intact heart models and strips of cardiac tissue, also argued for the valvular theory.5 6 He found that a filled contracting ventricle tied off at the atrioventricular ring produced no sound; strips of ventricular muscle pulled taut under water produced little sound, whereas strips of chordae and cardiac valves pulled taut could be made to produce loud sounds quite easily.
Luisada and co-workers7-9 found that the left atrialleft ventricular pressure crossover point which they assumed represented mitral valve closure -consistently preceded S. They concluded that sudden tension development in the closed left ventricular cham-
